Lysates of pneumococcal phage PG24 transferred genes from one host to another in a process with many of the properties of generalized transduction, in that the host genes were packaged in DNase-resistant particles that closely resembled infectious phage in physical properties, adsorbed to the recipient cells like phage, and were inhibited by antisera to the phage and by trypsin. However, phage processes did not complete the transfer of host DNA as they did phage DNA. Instead, gene transfer required development of competence and entry of the host DNA by the endonuclease-dependent pathway used for transforming and transfecting DNA. This process often occurred on the assay plate hours after adsorption of the particles to the cells, and the transfer was DNase sensitive if challenged at this time. Phenotypic expression was therefore also delayed. The product of entry was like that in transfornation, a single strand of DNA that integrates by formation of a hex-sensitive donor-recipient heteroduplex. Whether this gene transfer process is unique to this system or is only the first one described is not clear. The tenn "pseudotransduction" may be useful in caRling attention to its unexpected features. The DNA of PG24 phage has anomalous physical properties reflecting unusual bases.
We report a phage-associated gene transfer system for pneumococcus (Streptococcus pneumoniae) that has many of the properties of generalized transduction. However, its mechanism differs from that expected on the assumption that the phage facilitates entry of cell DNA as it does phage DNA. As will be shown, the cell DNA to be transferred is packaged in phage structures and adsorbs to recipient cells in this form, but does not enter them by the phage DNA entry process. Instead, it remains attached to the cells in a DNase-resistant state until they become competent and take up the donor DNA by the DNase-sensitive transformation pathway, leading to intracellular single strands that recombine by formation of heteroduplexes that are subject to action of the hex'-dependent mismatch correction system (9, 10).
Whether or not this process should be called transduction depends on whether or not one requires the phage vector, the defining feature of transduction (16) , to complete the transfer process by its own mechanisms, and the question has not heretofore arisen. However, the only direct evidence on intermediates in any gener- alized transduction system is for P22 in Salmonella typhimurium, for which it is reported that at least some of the recombination products represent integration of 4-to 6-megadalton (Mdal) duplex donor DNA segments (6) .
With the system described here, the repertory of genetic assays in pneumococcus has been expanded from transformation alone to include phage recombination (17) , transfection (18) , and a form of generalized transduction. Parts of this work have been presented at Transformation Meetings (1976 Meetings ( , 1978 Table 1 . With respect to markers, all except thy-19 behave as point mutations of nearly equal efficiency for transformation of hex recipients. In hex' recipients nov-rl is low efficiency and ery-r2 is intermediate efficiency; str-rl is high efficiency in DP1600 and low efficiency in DP2000, whereas str-r41 has the converse properties low efficiency in DP1600 and high efficiency in DP2000 (9) . (This is a good illustration of the specificity of hex action for the donor-recipient pairing rather than for the marker itself.) The thy-19 marker is a deletion estimated to be larger than 15 kilobases (kb) extending into the thymidylate synthetase gene (N. B. Shoemaker, unpublished data). The protocol for scoring thy transformants will be described elsewhere (J. E. Wagstaff, N. B. Shoemaker, and W. R. Guild, manuscript in preparation). Scoring for drug resistance markers has been described (10) .
The isolation and characterization of strains DP1219 and DP1771-1776, which are deficient in endonuclease, transformation, and transfection, have been described (18) .
Transformation. Media and methods for preparation, storage at -85°C, thawing, and transformation of competent cells have been described (10) . A relevant fact is that our competent cells are typically at a density near 2 x 107 colony-forming units (CFU) (4 x 107 cells) per ml when thawed. In some experiments these cells were concentrated after thawing by centrifugation at 00C for 5 min at 6,000 x g and suspension in 1/5 volume of their supernatant.
Phage. The growth, purification, plaque assay, and properties of w3 and w8 have been described, as have the media and a storage buffer (TMF) in which they are stable (17) . Relevant properties are that they have latent periods of 55 to 60 min at low cell density, lengthening to 80 to 100 min at high cell density, and morphologies very similar to lambda or Ti, except for a longer tail and tail fiber, and that they contain linear duplex DNA originally estimated from sedimentation velocity and electron micrographs to be 33 Mdal (17), using 6 .0 Mdal as the reference size for PM2 phage DNA. However, PM2 is now reported to be 6.58 ± 0.18 Mdal (21), in which case it is probable that w3 and PG24 have DNAs nearer 36 Mdal (L. A. Goscin, personal communication). Phage DNA was prepared from mature phage and from infected cells as described (17, 18) .
Isolation of new phage strains. The method of Tiraby et al. (23) for isolation of new phage strains was used with modifications. Throat swabs from apparently healthy medical students were immersed in 2 ml of TMF, from which drops were spotted on a plate seeded with about 107 streptomycin-resistant pneumococcus cells, in the presence of 100 ILg of streptomycin per ml. Of 81 samples, 29 showed a clear zone after overnight incubation, and from these, phage were purified through serial single-plaque isolation. Stocks of each isolate were prepared. Not all isolates grew well in liquid, and only a few have so far been studied in any detail. The one of immediate interest has been designated PG24.
Growth and purification of transducing lysates. Phage were grown on drug-resistant hosts by the successive dilution of small lysates into larger volumes of fresh cells as described (17) . For PG24 the substitution of potassium for sodium did not have the large influence on yield that it did for w3 and w8 (17) . The final lysate received 1 mg of pancreatic DNase I (Worthington) per liter and, after 10 to 20 min at 370C, was clarified by low-speed centrifugation and concentrated by the polyethylene glycol (PEG) method as described (17) .
Density gradient centrifugation. All runs were in polyallomer tubes in an SW-39 rotor in a Beckman Li centrifuge. For equilibrium CsCl runs, 3 .00 g of dry CsCl was added to 4.00 g of TMF containing PEGpurified phage (42.9% CsCl, density 1.46 g/ml). The input sample for sedimentation velocity runs was concentrated from the peak guanine-thymine (GT)-containing fraction from a CsCl gradient by centrifugation and resuspension in 0.25 ml of TMF, to which was added 10 pl of a reference stock of T7 phage, before layering the entire volume on a 5 to 20% gradient of sucrose dissolved in a solution of 0.1 M NaCl, 0.1 M tris(hydroxymethyl)aminomethane (Tris) (pH 7.5), 2 mM MgSO4, and 0.7 mM ethylenediaminetetraacetic acid. (Recovery of activity was poorer in sucrose made up in TMF. It was also poor when stocks not purified in CsCl were used. There was a suggestion that residual PEG may have been responsible.) Fractions were drop-collected from the bottom, diluted, and assayed. The temperature of a blank tube was measured after each run.
UV irradiation, electron microscopy, and antiserum preparation. UV irradiation, electron microscopy, and antiserum preparation were as described (17, 18) . For early experiments anti-O3 serum was used, because it shows high cross-reactivity to all our phages. An anti-PG24 serum prepared later gave equivalent results.
Assay for phage-associated gene transfer. Significant aspects of the assay procedures for phageassociated gene transfer are described in Results. In most cases a phage stock diluted to 2 x 105 to 3 x 105 plaque-forming units (PFU)/ml was mixed with an equal volume of 100 ug of DNase per ml in 0.1 M MgSO4 and added to 9 volumes of growing cells at a density near 3 x 108/ml (estimated by turbidity). After adsorption (usually 40 min at 370C), 0.1-ml samples were added to 4 ml of soft agar (17) containing 0.1 to 0.2 ml of antiserum and plated on 100-mm petri dishes containing 20 to 22 ml of Na-CAT agar buffered with Tris (17) , which appeared to be necessary for the procedure to work. After time at 370C for phenotypic VOL. 137, 1979 expression (see below), selective drugs were added in an 8-ml agar overlay. The We first briefly summarize a series of observations in the approximate order in which they were made, deferring in some cases the documentation and detailed discussion to present more critical tests developed on the basis oflater findings.
The following results implied a typical generalized transduction system: (i) every lysate of PG24 transferred any of several unlinked cell markers from one host to the other at levels far above controls; (ii) under the assay conditions described above, neither DNase nor competing free DNA (Table 2 ) affected the yield of gene transfer (GT); (iii) the GT activity copurified with infectious phage through PEG and CsCl step gradients (see above); and (iv) the GT activity was inhibited by phage antisera (Fig. 1 ) and by trypsin (Table 3) , though not to the same extent as were PFU. An unusual feature was that the ratio of GT to PFU varied widely among preparations, from about 10-3 to 10-6 Strr/PFU.
However, PG24 is unstable with respect to PFU titer and more difficult than w3 to grow to high titers. Analysis of the results from many preparations suggests that the yield of GT per milliliter of original lysate is more constant than is the yield of PFU and that GT is more stable than PFU, so that the variability seems to reflect more the denominator than the numerator.
Other tests showed that adsorption of GT particles continued for 40 to 60 min, comparable to the slow adsorption of PFU at these cell densities (17) , and was essentially complete in that no further GT activity could be detected by addition of fresh cells to a supernatant taken after 60 min (data not shown). The half time for adsorption was about 15 min in the usual assay system. Therefore it was significant to find that phenotypic expression of newly transferred drug resistances took 1 to 2 h longer than that for transformants (Table 4) , and the standard assay was revised to allow 3 h for expression.
hex dependence. Table 5 shows results that were not expected on the basis of assuming injection of duplex cell DNA by the phage, in that marker ratios changed with the status of the hex-dependent mismatch correction system of the host. The ratio of nov-rl to str-rl fell 8-to 14-fold from hex to hex' cells as in transformation (9) , and in hex' cells the low-efficiency novr marker was hypersensitive to UV irradiation of the phage stock, just as it is in transformation (9, 12) . Because discrimination by the hex system occurs after fornation of donor-recipient heteroduplex intermediates in transformation (20) and depends on specific kinds of donorrecipient mismatches (7, 11) , these results strongly imply that essentially all donor GT markers are integrated by formation of heteroduplex, rather than by duplex-duplex recombination as reported for P22 in Salmonella (6) . The lack of GT to the R6 strain DP2000 will be commented on later, as will the results in experiment 2C.
In experiment 2B the survival of PFU was less than lo-', or e-16, implying a D37 (dose at which there is 37% survival) 6 37 J/m2, consistent with the UV sensitivities of w3 and w8 (17) . GT per (13, 18) were also deficient in accepting GT to about the same extent as they were deficient in transformation (Table 6 ), although phage infection and recombination were normal in these strains (17) .
Because the hex and end results suggested single-strand entry of the DNA, the assumption that the gene transfer activity was carried in phage particles was reexamined.
Sensitivity to antiserum and to enzymes. The results in Fig. 1 show that although GT is inhibited by antiserum, it is much less affected than is infectivity; Equilibrium CsCl banding. On long-term centrifuging to equilibrium in CsCl, GT activity banded reproducibly at densities about 27 + 3 mg/ml greater than that of the main PFU peak (Fig. 2) . In these experiments it was particularly important to ensure that, in the fractions con- Jim2 to reduce interference by phage infection (see Table 7 and text).
aining large numbers of PFU, the potential GT activity was not being obscured by excess infectious phage, either on initial infection or by multiplication on the plate. Controls used in a 560 PORTER ET AL. J. BACTERIOL.
on July 8, 2017 by guest http://jb.asm.org/ Downloaded from number of the critical experiments here have shown that the antiserum in the plate may fail to inhibit multiplication when more than l07 infected cells are put on one plate. Also, the initial multiplicity of infection has to be low enough so that the majority of potential transductants do not also receive a killing particle. Titering the CFU with and without phage controls the latter problem; the former was controlled by reconstruction experiments in which a known number of drug-resistant CFU were added to duplicate gene transfer assay plates to see if they survived.
In the CsCl gradient of Fig. 2 , the PFU titer in the peak fractions exceeded the above limits. Therefore fraction 15 was irradiated with 100 J/m2 of UV, estimated to reduce PFU titer 20-fold or more and gene transfer by 30%, based on the data of Table 5 where 600 J/m2 reduced it 15-to 20-fold. The data in Table 7 show that 35 to 40% of the CFU survived initial infection and that few or no drug-resistant cells were lost by phage multiplication on the plates. From these data, 25 to 30% of any GT activity in fraction 15 should have been observed, and the lack of significant numbers of Strr colonies therefore implies that there was little if any such activity at the buoyancy of the infectious particles.
Phage densities. By analytical ultracentrifugation in CsCl, PG24 was 15 mg/ml less dense than 3, and on overloaded samples a small peak was observed about 19 mg/ml denser than the main PG24 peak (Fig. 3) , consistent with the density expected for heads without tails (26) . Electron micrographs of fractions from preparative gradients showed a large number of filled phage heads in this region, increasing from a proportion of less than 1 per 100 intact particles at the PFU peak to 1 head per 3 intact particles at the GT peak and to a majority of heads at (3) . Top, PG24 in excess. Arrow indicates a reproducible peak present in PG24 and 11 mg/ml less dense than T7. Middle, PG24 at 1/20 the amount above. PG24 is 30 mg/ml less dense than T7. Bottom, w3 and T7. Density difference is 15 mg/ml. higher densities (Fig. 4) . For a time we suspected that the GT activity may reside solely in these filled phage heads, inasmuch as this could account for the different susceptibilities of GT and PFU to antisera and trypsin. However, velocity sedimentation in sucrose gradients (Fig. 5) showed that the majority of the GT activity cosedimented with the PFU, whereas heads without tails should sediment about 1.6 times faster (25) . Some excess GT activity does appear at this position, however, and this may imply that both kinds of particle are active. The fastsedimenting material of both kinds probably reflects some aggregates which occur in these preparations (17 (17) . These properties suggest unusual bases, the presence of which in w3 and PG24 has been confirmed by M. Mandel (personal communication). The low density of PG24 DNA is consistent with finding GT more dense than PFU, though the degree of shift raises questions. On the explicit and unproven assumption that PG24, GT, and w3 are isomorphous particles of the same protein content and DNA length, interpolation between the densities of PG24 and w3 predicts GT to be 13 mg/ml denser than PFU. PG24 heads with 1.0 U of cell DNA should be at least 32 mg/ml denser than PFU. Alternatively, using the relations of Bellett et al. (3) , an intact particle filled with 1.12 U of cell DNA would be 27 mg/ml denser, as observed in Fig. 2 (17) , which has a density of 1. 700 g/ml on the scale where E. coli DNA is 1.710 g/ml (19) . The low peaks in this tracing are due to noise and do not represent DNA species.
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Pn.umo tail attached, but that it was not injected by the usual phage mechanism. Instead, it had to find its way out of the phage and through the cell wall and membrane, apparently using the endonuclease pathway that yields intracellular single-strand intermediates (13) . The delayed expression suggested that this might be a slow process. The difference in effects of antisera and trypsin on GT and PFU are consistent with some specificity for the phage injection mechanism as well as for attachment. This interpretation is also consistent with the greater stability of GT than PFU and can readily account for the variable GT/PFU ratios.
DNase sensitivity. The above arguments were strongly reinforced by experiments that examined more rigorously the question of sensitivity to DNase. Because of the need to exclude transformation by adventitious free DNA, we had always used cells well past their peak of competence, purified the phage through DNase, and usually had DNase present at 10 ,ug/ml during adsorption. Among the control experiments, free DNA was added to a DNase-free PG24/Rx1 stock and allowed to stand overnight at 4°C before the stock was exposed to Rxl cells with or without DNase and assayed as usual for gene transfer. The added DNA gave transformants in the absence of DNase but none in its presence. However, in an experiment designed to compare transduction and transformation in the same recipients, concentrated competent cells were used for both assays. They gave fourto fivefold more GT activity than expected, but most of it was now prevented by DNase. Though our first reaction was that the donor phage preparation had been damaged, the same result was found with other preparations. Experiments of the following kind showed that completion of GT requires competence, either preexisting or developed later on the assay plate. A further result shown in Table 8 is that competitor DNA added to the adsorption mix had no effect on GT to noncompetent cells (as in Table 2 ), but reduced GT to competent cells fourfold. This factor is significant but much less so than expected if the GT DNA were merely released into the medium. Transformation by a quantity of DNA greater than that in the phage particles was reduced 100-fold if one counts only the large colonies. In this experiment a back- b Cells were DP1800 (see Table 1 ). Table 9 showed that this was due to delayed expression of drug resistance when the cell density on the plate was reduced. Prior assays of this GT stock, as in experiments 1 to 3 of this table, had shown that at the standard concentration of cells there was quantitative adsorption of all the GT added to different absolute volumes of cells, and led to the expectation that in experiment 4, where 20-fold fewer cells were plated (in an attempt to reduce the spontaneous background), there should have been about 200 colonies per plate. They did not appear at 3 h but did appear if 5 h of incubation was allowed before challenge with the drug, by which time the cell density was again near 109 per plate and the spontaneous background reappeared (see Table 9 , footnote d). In these and similar experiments, the few colonies appearing at the standard 3-h time were often in small patches on the plate rather than randomly spread. On hindsight, this may have reflected waves of competence spreading across the plate as a miimum cell density was reached. In any event, we interpret the delayed expression to be due to delayed entry. Related to this may be the overall lower yield of GT when competence must develop on the plate compared to that with already competent cells (Table 8) . One interpretation consistent with the results to date is that the majority of the cells do not become competent soon enough to take in the GT DNA and express it before the plates are too heavily overgrown. Alternatively, nucleases released in the developing microcolony might interfere.
Summary of conclusions on the entry of GT DNA. To recapitulate our interpretation of the experiments described in the preceding section, the results all imply (i) that entry of GT cell DNA from PG24 requires the recipient cell to become competent; (ii) that if not already competent, the recipient cell often becomes so on the plate within 1 to 2 h if plated at high cell density and later at low cell density; (iii) that the DNA remains in a protected state in the phage head until the cell becomes competent; and (iv) that the localized position of the DNA gives it an advantage over free DNA at this time. The requirements for competence and for the membrane-bound endonuclease, plus the hex sensitivity of the recombinant products, imply that the DNA enters as a single strand by the transformation pathway, after having adsorbed to the cell in a phagelike package. The variable effects ofDNase clearly reflect the concentration and the stability of the DNase present at the a The peak fraction of GT from a CsCl gradient like that of Fig. 2 . Initial volume was 0.10 ml (three drops), diluted to 1.0 ml with TMF and dialyzed to TMF. Cells were Rxl at about 3 x 108/ml. Experiment 3 had 10,ug of DNase added; the others did not.
bVolume put on one plate with antiserum after 40 min at 370C for adsorption. In experiment 4, after adsorption, the mix was diluted to 4.0 ml, from which 10 0.1-ml samples were plated. Table 5 , experiment 2A. We suspect that the apparent failure of R6 as recipient reflects the very high cell density needed at the time of drug challenge because we have previously described plating artifacts that eliminate R6 transformants when the initial cell density exceeds 108/plate (10) .
The resistant cells were probably killed by the products of lysis of the sensitive cells after drug addition.
A second parameter that seems to affect yields from nonisogenic donors is hex. A donor preparation grown in DP2300, an R6 derivative that is highly nonisogenic to Rx derivatives (9), donates GT markers well to Rxl (hex) and to DP1800, a hex isogenic derivative of DP1600 (hex'), but much less well to DP1600 itself, although in parallel tubes the same culture of DP1600 accepts high-efficiency markers well from PG24/DP1602, to which it is nearly isogenic (Table 5 ). We suspect that the effect is due to linkage of markers that are high efficiency, when assayed by transformation, to hex-sensitive mismatches sufficiently far from the markers themselves to rarely affect their efficiency in transformation, where the median length of entering DNA is 6 to 7 kb (15) . If the phage-packaged DNA is localized on the cell surface such that it does not receive excess cuts by contact with several other binding sites, as it would when free in solution at an equivalent concentration (14) (15) , then much longer strands could enter the cell, be integrated into a single heteroduplex, and make the marker subject to rejection by hex action at remote sites (10) .
Data confirming that longer strands enter the cell from PG24 particles than from transformnation by purified DNA preparations come from an experiment comparing transduction and transformation of a deletion. In this situation wild-type donor strands must be long enough to bridge the deletion in the recipient, whereas the reciprocal conversion of wild type to deletion can succeed with short strands (1, 11 (Fig. 2) , mostly cosediment with PFU ( Fig. 5) , adsorb quantitatively to cells in a DNase-resistant form with kinetics like those of PFU, and are inhibited by antisera to the phage and by trypsin, but not by phospholipase C. These results are strong evidence that the transducing DNA is packaged in phagelike structures, most of which are complete with tails, although there is a suggestion that filled heads without tails may also be able to transfer cell genes (Fig.   5 ).
However, on examining the product of gene transfer, it is evident that essentially all recombination occurs by integration of a single strand of donor DNA into a donor-recipient heteroduplex. This conclusion follows from the dependence of marker ratios on the state of the hex gene, whose product acts on specific types of donor-recipient mismatches only after the formation of heteroduplex (20) , and on the hex+-dependent hypersensitivity of low-efficiency markers to UV irradiation ( Table 5 ). The further finding ( Table 6 ) that gene transfer requires the endonuclease essential for entry of transforming DNA as single strands in pneumococcus (18) suggested an entry pathway that would lead to the heteroduplexes implied by the hex dependence. The endonuclease is membrane bound and required for a process in which extracellular duplex donor DNA is converted from a bound and nicked state to equal masses of free extracellular oligonucleotides and intracellular single strands (13) (14) (15) . During transformation of grampositive organisms, the competent state is one in which the cell wall appears to develop "pores" that allow access of free DNA to binding sites at or near the membrane endonuclease (13) . However, it was still possible that in gene transfer the phage injected the cell DNA, which then was converted to single strands by the endonuclease after entry, perhaps slowly enough to account for the delayed phenotypic expression. This possibility was ruled out by the finding that the transfer process is DNase sensitive and that it requires development of competence on the plate if the cells are not already competent. The DNA remains protected, however, until the cells become competent, implying that unpackaging of the DNA is promoted by some as yet unknown feature of the competent state.
The question arises as to whether the phage DNA in this system also enters by the transformation pathway. For transfection, the answer is yes (18) , but for infection, it appears to be no. The strongest arguments are (i) the latent period is only 60 to 70 min for PG24-infecting noncompetent cells (not shown); (ii) PFU titers are the same for noncompetent and competent cells and independent of the presence of 100 ug of DNase/ml (e.g., in the experiments of Table 8 , data not shown there); and (iii) PFU titers are normal in the endonuclease-deficient strains of Table 6 (data not shown; 17). These results strongly imply a rapid phage-mediated entry process for those of the phage particles that are infectious. A possible interpretation, then, is that the phage DNA is recognized differently by some aspect of the entry process. However, an alternate possibility is raised by the low efficiency of plating of these phage. If only 1% or less of the particles can inject DNA at all, perhaps independently of the kind of DNA, and the other particles simply remain on the cell surface, then the single-strand transformation pathway could act on their DNA as it leaks out of the particle following development of competence. Because transfection requires multiple entry events (18) , it is unlikely that this path would add significantly to infection, but it would be very efficient for GT. This interpretation cannot be excluded at this time.
Whichever interpretation proves correct, very little of the GT observed here can be due to entry of duplex DNA. An upper limit is set by the survival of the hex-sensitive UV-irradiated nov-rl marker in Table 5 , of the order of 1% at most. Therefore, the entry process and the product of integration are quite different from those expected on the assumption that the transducing DNA enters as does the infectious phage DNA.
Whether the PG24 gene transfer system is unique to itself or to pneumococcus, or is only the first such case described, must await further critical study. Although it is clearly a form of generalized transduction by the definition of a viral vector for host genes, the virus does not complete the transfer; the term pseudotransduction may be useful in calling attention to its unusual features. Another unusual gene transfer system has been described in Rhodopseudomonas capsulata, where the agent is a 70S particle of density 1.37 g/ml, not yet obviously associated with a phage (22) . These and other transduction systems are discussed in a review to be published (K. B. Low and R. D. Porter, Annu. Rev. Genet., in press).
